The potential health effects of Salmonella found in wastewater residuals is dependent on the exposure of individuals to the organism. This paper provides a risk assessment for human infection from Salmonella due to direct contact with Class B biosolids, and from contact with Class A biosolids following regrowth of Salmonella. in addition, a risk assessment is provided for infection via airborne transport of bioaerosols from Class B biosolids and biosolids in which regrowth had occurred, to off-site communities. Results of the risk characterization imply that the risk of human infection from direct contact with Class B land applied residuals and subsequent ingestion is low. in contrast, the risk from direct contact with Class A residuals following regrowth is greater. Risks from airborne transport of Salmonella via bioaerosols away from a Class B land application site are also low. However, once again the risk from aerosols resulting from biosolids in which regrowth had occurred was greater. Based on these analyses, we conclude that it is highly unlikely that Salmonella infections will occur from land applied Class A or B residuals. However, risks become significant if Class A biosolids are stored anaerobically i.e. saturated, prior to land application.
INTRODUCTION
In the United States biosolids intended for land appli- to ingestion, since infection via inhalation has not been observed or documented (Brooks et al. 2005a ).
In general, risk assessment is based on: a) hazard identification; b) exposure assessment; c) dose-response assessment; and finally d) risk characterization. In this paper, exposure assessment of Salmonella was based on: a) the average Salmonella concentration in Class B biosolids produced by anaerobic mesophilic digestion; and b) Salmonella concentrations within Class A biosolids that could be expected following regrowth in biosolids under saturated anaerobic conditions. Finally, a risk assessment is provided using exposure data from airborne transport of bioaerosols from land application of Class B biosolids, and Water Science & Technology-WST I 577 I 2O] also Class A biosolids in which regrowth had occurred.
The results of the risk characterization can be used to evaluate the likelihood of human infections due to Salmonella of biosolid-borne origin.
METHODS

Concentration of Salmonella in class B biosolids
A mean value for the concentration of Salmonella in Class B biosolids was obtained from data collected from ma Road Wastewater Treatment Plant at Tucson, Arizona. Specifically, samples of anaerobically digested Class B biosolids were collected over a 5 year period (2000) (2001) (2002) (2003) (2004) (2005) , and assayed for Salmonella. Salmonellae were detected using a 5-tube MPN method adapted from EPA Standard Method 9260. Pre-enrichment of these samples was performed in a circulating water bath at 35°C for 24h using buffered peptone water (Difco Co., Detroit, MI). This was followed by an enrichment step for the selection of salmonellae. Further confirmation of all positive colonies was performed using a Salmonella Latex Test, and assays were performed according to manufacturer's directions (Oxoid Limited, Basingstoke, Hampshire, England).
Regrowth of Salmonella in class A and class B biosolids
The regrowth potential of Salmonella in Class A and Class B biosolids and biosolid amended soil was recently evaluated in our laboratories (Zaleski et al. 2oo5a; Castro-del Campo et al. 2007 ). Briefly, regrowth in Class A pellets and Class A compost with and without soil, and under aerobic and anaerobic conditions was evaluated. Regrowth in Class B biosoljds was evaluated in concrete-lined solar dry beds and in soil amended with biosolids under aerobic and anaerobic conditions.
Risk assessment from direct contact with biosolids
Models for the assessment of risks of infection from Salmonella have been developed by Haas et al. 1999) . For this study the 13-Poisson model (P = 1 -(1 + N//3 ) was used in determining the risk from Salmonella where P is the probability of infection, N is the number of organisms ingested and a and /3 are values obtained for pooled doseresponse data for several species of Salmonella as reported by Haas et al. (1999) . It was assumed that exposure would result from activity on the land application site over an 8 hour period of time. Ingestion of the soil occurs via contamination of the hand; followed by transfer to the mouth or inhalation followed by swallowing. Values in the literature suggest that 50 to 480 mg of soil is ingested depending on the age and type of activity persons are engaged in outdoors (Hawley 1985; LaGoy 1987) . For the purposes of this study, a minimum of 50mg/day and a maximum of 480 mg/day were used. We also assumed that biosolids were applied at a rate of 22,454 kg/ha and that a 100-fold dilution of the biosolids occurred after incorporation into the soil. It is assumed that there is no die-off of the Salmonella after land application.
Exposure and risk assessment of airborne transmission of bioaerosols from biosolids in which regrowth had occurred
The potential for exposure via airborne transmission of bioaerosols from biosolids in which regrowth had occurred was evaluated using an approach similar to that of Brooks et al. (2005a,b) . Briefly, a transport model was utilized (Brooks et al. 2005b) to determine the extent of aerosolization of total coliform bacteria from biosolids. Following this, ratios of total coliforms: Salmonella in the biosolids were used to estimate the extent of Salmonella aerosolization.
Here, biosolid values of 1 0 8 /g for total coliforms and 1 0 6/g for Salmonella were utilized i.e. a ratio of 100:1. These values were utilized based on regrowth concentrations seen in earlier studies (Castro-del Campo et al. 2007 ).
Risks of infection were determined using the 13-Poisson infectivity model for ingestion of nontyphoid Salmonella pp-
00-
spp. (Haas et al. ig) . Here, it was assumed that 50°/s of inhaled microorganisms were subsequently ingested (Brooks et al. 2005a ).
RESULTS AND DISCUSSION
Exposure to Salmonella from direct contact with biosolids
Concentrations of Salmonella in Class B biosolids were determined from 14 samples of Class B anaerobically digested biosolids over a 5 year period (Table 1) . Overall, Salmonella concentrations were low with a range of 1 to 480MPN/g, and a mean value of 105MPN/g. In raw sludge, Salmonella values were two orders of magnitude higher. In contrast, Salmonella concentrations following regrowth in saturated Class A biosolids were approximately 106 CFU/g as reported in two earlier studies (Tables 2   and 3 ). Note that in the Zaleski study, originally Class B biosolids were placed in the drying beds, which attained Class A status with respect to Salmonella following solar drying. Subsequent to this, rainfall events caused saturated anaerobic conditions within the biosolids, which allowed for Salmonella regrowth. In both of these studies, no
Salmonella regrowh was observed when biosolids were mixed with soil, even when saturated moisture conditions prevailed. Regrowth of fecal coliforms and Salmonella also after incorporation into soil occurred in stored biosolids folldwing rainfall events in an earlier study (Gibbs et al. 1997) . More recently Zaleski et al. (2005b) has published a review on the regrowth potential of indicators and Salmonella in -biosolids, compost, soil, and land applied biosolids.
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Risk assessmeri following exposure via direct contact
Risks of infection from direct contact with either Class A biosolids following regrowth, or Class B biosolids are shown in 
Risk assessment following exposure via bioaerosols
Exposure and risks of infection from aerosolized Salmonella emanating from stored Class A biosolids in which regrowth had occurred are shown in Table 5 . Using the previously described regrowth situation, Salmonella concentrations could potentially reach as high as 10 6 cfu per g. If this seemingly Class A biosolids product were land applied, it would result in predicted aerosolized Salmonella concentrations of approximately 7 x 10 cfu/m3 at the source (2m downwind). At 30m downwind of the application site, the expected aerosolized con kentration would be less than 7 x 10 2 cfu/m 3 . This concntration, if inhaled and ingested, could result in risks of infection to an exposed person as high as 0.6, on an annual basis using previously defined exposures of 8 hours per day for 6 days per year (Brooks et at. 2005a) . These risks were approdmate1y times greater than previously detemined risks of infection from aerosolized Salmonella following loading opeations' of Class B biosolids assuming a total coliform and Salmonella biosolids concentration of 10 6 and 10 2 MPN/g, respectively (Table 6 ). As would be expected, if Salmonella regrowth occurred to lower concentrations than 106 per g, the risk of infection following land application would also be lower. In contrast, concentrations of Salmonella within Class A biosolids following regrowth approached 10 6/g. In this case,
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